Current-induced motion of domain walls (CIMDW) with interfacial Dzyaloshinskii-Moriya interaction (DMI) in heavy metal (HM)/ferromagnetic (FM) metal multilayers have attracted attention owing to their potential application in novel magnetic memories. In recent years, the CIMDW at ultrahigh speed has been observed in a synthetic antiferromagnetic (SAF) multilayer.
the opposite tilting directions of the DW planes in the two layers. This tilting was inhibited by a strong interlayer FM coupling, resulting in an increase in the DW velocity and the reduction of the minimum allowed spacing between two adjacent DWs. In addition, the FM coupling enhanced the stray field, and the stored information could be read conveniently using a conventional reading head. Therefore, our proposal paves a way for the fabrication of a racetrack memory with high reading speed, large storage density, and good readability.
Racetrack memories, based on the current induced motion of domain walls (DWs), have attracted attention owing to their potential application in novel magnetic memories with high storage density, high reading speed, and low dissipation [1] [2] .
In addition to the conventional DWs in ferromagnetic (FM) nanowires 1 , special magnetic microstructures, such as skyrmions and DWs with chirality, have been observed in a heavy metal (HM)/FM metal multilayer with an interfacial Dzyaloshinskii-Moriya interaction (DMI) [3] [4] [5] [6] [7] [8] [9] . When a current is injected, the skyrmion or the chiral DW can be driven at a high speed due to the combined action of the spin-orbit torque (SOT) and the DMI 2 . However, the strong DMI also tilts the moving DW plane [10] [11] [12] [13] , limiting the increase in the memory density and the reading speed.
Very recently, an ultrahigh DW moving speed was observed in a multilayer with a synthetic antiferromagnetic (SAF) structure 2, [14] [15] [16] . Thanks to strong interlayer antiferromagnetic (AFM) exchange coupling, the tilting of the paired DWs is inhibited 16 . However, the readability of the SAF racetrack is still questionable since the net magnetization of a memory unit (the paired domains) is zero, resulting in a weakly detectable stray field.
In this work, we propose a readable racetrack memory with high reading speed and high storage density in a synthetic ferromagnetic (SF) structure, consisting of two FM layers with an interlayer FM coupling. One FM layer exhibits a conventional isotropic DMI (iDMI), while the other has an anisotropic DMI (aDMI), which was recently discovered in materials with special symmetries 17, 18 , including a HM/FM bilayer such as W/Co and W/Fe 18, 19 . We found that the DWs with iDMI and aDMI tilted toward opposite directions, and the tilting of the paired DWs was inhibited under a strong interlayer exchange coupling. As a result, the DW velocity and the minimum spacing between the neighboring DWs in the SF system were both greater than that in the single FM layer.
Additionally, there was also strong stray field of the paired DWs, which improves the readability. The investigation was carried out numerically using the micromagnetic simulation software OOMMF 22 . We considered the damping-like SOT, and the code for the DMI was expanded to include the aDMI. We considered a 100-nm-wide and 2000-nm-long nanotrack. The dimension of However, near the track boundaries, the moments have small projections in the y-direction due to the DMI-related boundary conditions 22 . The orientation of the moments near the track boundary for the aDMI is opposite to that for the iDMI (the insets of Figs. 2(a) and 2(c)). After the static DWs were generated, their motion driven by a current (J = 1.3 × 10 11 A/m 2 ) was simulated. The DW tilting can clearly be seen (Figs. 2(b) and 2(d)). However, the tilting orientation of the DW with iDMI is opposite to that for aDMI. In principle, the DMI equals to two effective fields along x-and y-directions. As Dx = Dy for the iDMI and Dx = −Dy for the aDMI, the y component of the effective field for the iDMI is opposite to that of the aDMI, which can lead to the opposite tilting directions 11 . The SOT-induced motion of the DW with two types of DMI was also analyzed using a cooperative coordinate model (CCM), which is described in detail in the Supplementary Materials (S3).
The (Fig. 3) . In Tracks 2, 3, and 4, the tilting direction for the DW with iDMI is the opposite to that for aDMI.
However, in Track 1, the tilting of the paired DW disappears due to a strong interlayer FM coupling. To determine the optimal parameters for the motion of the DWs in an FM-coupled multilayer, the motion of the paired DWs with different parameters has been investigated in detail (Fig. 4) . When The track width also affects the velocity and the tilting of the DWs. The velocity of the paired DWs increased with the increase of the width from 40 nm to 100 nm, which is accompanied by the inhibition of the tilting of the DWs in both layers. Near the track boundary, the moment in one layer cannot be parallel with that in the other layer (Fig. 2) . As a result, a small tilting of the DW plane near the track boundary is unavoidable. However, this boundary effect becomes negligible when the track width is 90 nm or greater.
The velocity as a function of current density is shown in Fig. 4(d) . The DW velocities in the single FM layers with iDMI and aDMI and in the FM-coupled two layers with iDMI are almost the same;
however, that in the FM-coupled two layers with different DMIs is higher. Their difference in the velocity keeps increasing with the increase in J and stabilizes (~100 m/s) when J ≥ 8 × 10 10 A/m 2 .
In addition, it also indicates that the velocity of the tilting DW in the single FM layer can be considered as the projection of the velocity normal to the DW plane in the length direction.
In addition to the reading speed, the storage density is another important characteristic. The storage density is determined by the magnetostatic interaction between the neighboring DWs.
However, in the HM/FM bilayer the tilting of the DW plane also restricts the increase of the storage density.
To determine the minimum storage density, an array of domains with different spacing between the neighboring DWs was fabricated in a track. In a single FM layer ( Fig. 5(a) ), the domain spacing was initially set to 80 nm. After the generation of DWs through relaxation, the domain spacing was reduced to 78 nm. When the DWs were induced to move, the DW planes tilt significantly with an average spacing of approximately 80 nm. When the initial domain spacing was set to be smaller, the neighboring DWs were connected and destroyed when the DWs were induced to move under the same condition. However, in the FM-coupled two layers with distinct DMI (Fig. 5(b) ), the allowed minimum initial domain spacing was ~50 nm after the DWs were relaxed and induced to move without tilting. Therefore, the inhibition of the DW tilting by the strong interlayer FM exchange coupling is useful to increase the storage density. The readability of the information stored in the FM-coupled bilayer is also improved compared to that in the single FM layer due to the enhancement of the stray magnetic field from the double magnetization ( Fig. 5(c) ). On the other hand, in a single FM layer, the tilting of the DW results in a gradual change of the magnetization from −MS (MS) of one domain to MS (−MS) of the adjacent one.
However, in the FM-coupled bilayer this transition is abrupt, which reduces the possibility of the error in the reading (Fig. 5(d) ).
The motion of the FM-coupled DWs can be analyzed theoretically using the CCM method 11, 14 .
The equations of motion of the paired DWs with strong interlayer FM coupling can be described as:
where q is the central position of the DWs. The difference in the q of the two layers is neglected
φL and φU are the azimuthal angles of the magnetization in the central of the DWs of the lower and the upper layer (Fig. 2) . In Eqs. (2)- (4), α, γ0, μ0, Nx, ts, Hx, Hy, Hz, HSO, and Δ are the Gilbert damping, the gyromagnetic ratio of an electron, the vacuum permeability, the demagnetization factor in the x-direction, the thickness of the NM layer, the x, y, and z components of the external magnetic field, the effective field of the SOT, and the width of domain wall, respectively. Δ, Nx, and HSO can be expressed as 12, 23 ,
,
and ,
where Lz, μB, and e are the thickness of the ferromagnetic layer, the Bohr magneton, and the charge of the electron, respectively. Equations (2)- (4) were solved numerically using a fourth order Runge-Kutta algorithm (Fig. 6) . by the simulation using OOMMF. The small difference between them can be attributed to the pinning effect near the track boundary that was not considered in the CCM method.
In summary, the SOT-induced DW motion in the FM-coupled HM1/FM1/NM/FM2/HM2 multilayers were investigated numerically. The bottom HM/FM bilayer had aDMI, while the upper bilayer exhibited iDMI. This difference of DMIs resulted in the tilting of the two DWs toward opposite directions. However, when the interlayer exchange coupling was sufficiently strong, this DW tilting could be effectively inhibited. As a result, the DW velocity was increased and the minimum allowed spacing between the neighboring DWs was reduced. These numerical results suggest the possibility of fabricating a racetrack memory with high reading speed, large storage density, and good readability.
